Predicted highly expressed (PHX) and putative alien genes determined by codon usages are characterized in the genome of Deinococcus radiodurans (strain R1). Deinococcus radiodurans (DEIRA) can survive very high doses of ionizing radiation that are lethal to virtually all other organisms. It has been argued that DEIRA is endowed with enhanced repair systems that provide protection and stability. However, predicted expression levels of DNA repair proteins with the exception of RecA tend to be low and do not distinguish DEIRA from other prokaryotes. In this paper, the capability of DEIRA to resist extreme doses of ionizing and UV radiation is attributed to an unusually high number of PHX chaperone͞degradation, protease, and detoxification genes. Explicitly, compared with all current complete prokaryotic genomes, DEIRA contains the greatest number of PHX detoxification and protease proteins. Other sources of environmental protection against severe conditions of UV radiation, desiccation, and thermal effects for DEIRA are the several S-layer (surface structure) PHX proteins. The top PHX gene of DEIRA is the multifunctional tricarboxylic acid (TCA) gene aconitase, which, apart from its role in respiration, also alerts the cell to oxidative damage.
T he genome sequence of Deinococcus radiodurans [DEIRA (SWISSPROT nomenclature)] strain R1 became available in 1999 (1) . DEIRA has a major Chromosome I (2.65 Mb), a megaplasmid-1 or possible ''Chromosome II'' (412 kb), a megaplasmid-2 (177.5 kb), and a usual size plasmid-3 (45.7 kb). DEIRA is extremely resistant to various agents and conditions that damage DNA, mostly those caused by ionizing and UV radiation. The mechanisms of this resistance are unclear. Our objectives in this paper are to report on predicted highly expressed genes (PHX) and putative alien (PA) genes (see below for formal definitions) and their implications how these genes may help guide research into understanding DEIRA survival through periods of extended ionizing damage and desiccation (2) (3) (4) (5) (6) . The complete lists of PHX and PA genes in DEIRA are presented in our ftp site, ftp:͞͞gnomic.stanford.edu͞pub͞ highlyexpressed. For recent reviews on the radiobiology of D. radiodurans, see refs. 5 and 7.
Predicted Highly Expressed Genes
Our approach in predicting gene expression levels relates to codon usage differences among gene classes. Genes that deviate strongly in codon usage from the average gene but are relatively similar in codon usage to ribosomal protein genes (RPs) tend to be PHX (8) . By these criteria, PHX genes in most prokaryotic genomes include RP genes, translation͞transcription processing factors (TF), chaperone͞degradation protein complexes (CH), major genes of energy metabolism (EN) (e.g., glycolysis and respiration genes in Escherichia coli, photosynthesis genes in Synechocystis, methanogenesis genes in Methanococcus jannaschii), and essential genes involved in amino acid, nucleotide, and fatty acid biosynthesis.
Codon Usage Contrasts Between Gene Classes
Let G be a family of genes with average codon frequencies g(x,y,z) for the codon nucleotide triplet (x,y,z) normalized so that ͚ ͑x,y,z͒ ϭ a g͑x, y, z͒ ϭ 1, where the sum extends over all codons (x,y,z) translated to amino acid a. Let f(x,y,z) indicate the average codon frequencies for the gene group F (F can be a single gene g), again normalized to 1 for the codons of each amino acid. The codon usage difference of the gene family F relative to the gene family G (termed the codon bias of F with respect to G) is calculated by the formula:
B͑F͉G͒ ϭ a p a ͑F͒ ͫ ͑x,y,z͒ ϭ a ͯ f͑x, y, z͒ Ϫ g͑x, y, z͒ ͯ ͬ where {p a (F)} are the average amino acid frequencies of the genes of F (9, 10). The following gene classes are basic: C ϭ all protein genes; RP ϭ ribosomal protein genes; CH ϭ chaperone and associated degradation genes; and TF ϭ translation͞ transcription processing factors. Qualitatively, a gene g is PHX (i.e., predicted highly expressed) if B(g͉C) is high, whereas B(g͉RP), B(g͉CH), and B(g͉TF) are low. The rationale is reviewed in ref. 8 . Predicted expression levels with respect to individual standards are based on the ratios
Combined, these produce the expression measure
Other weighted combinations can also be used. Definition I: A gene, g, is predicted to be highly expressed (PHX) if the following two conditions are satisfied: at least two among the three expression values E RP (g), E CH (g), and E TF (g) exceed 1.05 and the overall expression level E(g) is Ն1.00.
Definition II: A gene, g , is predicted to be alien (PA) provided 
DEIRA Resistance to Ionizing Radiation and UV Damage
The mesophilic bacterium DEIRA can survive an intense dose of ionizing radiation that is lethal to virtually all other organisms (5, 6) . Such ionizing radiation causes DNA strand breaks, generates DNA cross-links, and invokes a myriad of other DNA, RNA, and protein damage. Radiation consequences apply directly to DNA in about 30% of effects and in 70% of effects to Abbreviations: DEIRA, Deinococcus radiodurans ; PHX, predicted highly expressed; PA, putative alien; RP, ribosomal protein gene; TF, translation͞transcription processing factor; CH, chaperone͞degradation proteins; EN, energy metabolism; TCA, tricarboxylic acid.
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other cellular components. It was conjectured that, although DEIRA possesses the standard prokaryotic repair repertoire, there must occur intrinsic mechanisms that augment repair (3, 5) . It is estimated that at least 40% of damaged DNA is degraded, presumably by controlled cellular exonucleases. Secondly, with the presence of multiple genome equivalents (4 to 10 copies; ref. 11), it is postulated that recombinational processes contribute vitally to reconstituting the cleaved DNA fragments. Under UV radiation, the DEIRA chromosomes generally fracture, but in less than 3 h, the fragments can be reassembled without loss of viability. But, Harsojo et al. (11) reported that, for varied genome complements in DEIRA, there is no change in radiation resistance capacities. Actually, E. coli and Vibrio cholerae during fast growth contain at least three genome equivalents, and it is suggested that the extra chromosomal equivalents facilitate interchromosomal recombination and repair (3). However, it is enigmatic that the set of repair proteins are predominantly of low to moderate predicted expression levels, excepting RecA and a weak MutT homologue.
We proffer a different explanation for the remarkable UV resistance capacity of DEIRA that is suggested by the nature of the PHX genes of the genome. Four classes of genes stand out (Tables 1, 2 , and 3): (i) the abundant degradation and export vehicles available for removing damaged DNA, RNA, and proteins; (ii) the surfeit of chaperones, of which many putatively enhance the operations of the repair proteins; (iii) the manifold detoxification facilities that neutralize and remove free oxygen radicals and other toxic substances; and (iv) the striking abundance of PHX protease genes in DEIRA, more than in any other genome (Table 3) . Compared with other complete prokaryotic genomes to date, DEIRA contains the greatest number of PHX detoxification genes (for explicit listing, see Table 1 ). Among 28 complete prokaryotic genomes, numbers of PHX proteases are as follows (in decreasing count): D. radiodurans, 14 (see Table 3 We propose that the abundance and versatility of PHX chaperone͞degradation, protease, and detoxification genes help intrinsically in maintaining the survival and stability of the D. radiodurans cell when exposed to severe conditions of UV radiation. Along these lines, there are precedents for chaperone influences that enhance the UvrA function in removing DNA damage by nucleotide excision repair and that facilitate other repair processes as well and have the ability to render them more effective (12) . The PHX chaperone, degradation, protease, and detoxification protein ensemble allow DEIRA to maintain the integrity of its essential macromolecules. DEIRA also features three PHX flagellar genes. It is conceivable that these genes play a role in Type III secretion and export of deleterious metabolites.
The predicted expression levels of the main repair proteins of E. coli and DEIRA (Table 4) are not high, with one exception. RecA is PHX (E(g) ϭ 2.04, dramatically high). A RecA mutant and other recombination-deficient mutants appear to be more sensitive to both UV light and ionizing radiation than wild-type cells (13) . RuvB (1.06) and Ssb (1.02) do not precisely qualify as PHX by Definition I but can be considered marginally PHX. By contrast, the bulk of major chaperone, degradation, and protease proteins are unambiguously PHX.
The DNA repair genes identified in DEIRA all have functional analogs in other prokaryotic species. It is claimed (1) that DEIRA possesses high redundancy in repair, but, apart from the Nudix family of nucleoside triphosphate pyrophosphorylases, this is not confirmed. Actually, only one gene of the ''Nudix family'' (DR2356) is PHX. Moreover, it is questionable that DR2356 is a homolog of the E. coli MutT. The gene is 432 nt (144 aa), and its probability value in a standard BLAST alignment is only 0.021. Mutual similarity among the DEIRA Nudix family proteins is low, mostly less than 15% identity. Moreover, the Nudix family are hardly consistent in sizes and show expression levels in the range E ϭ 0.3 to 0.9, and only one gene, DR2356, is PHX with E value 1.29. Paradoxically, two of the Nudix protein family meet the criteria of being putative alien genes (DR0149, DR0784).
Does DEIRA possess novel repair proteins that are more effective than the known proteins in other species? Does it use the common repair machinery more efficiently or in new ways? It is interesting that, among PHX genes in DEIRA, there are 105 ORFs with unknown functions. This number exceeds the percentage of unknown ORFs among PHX genes in most other bacteria (8) .
Special PHX Genes of DEIRA D. radiodurans possesses a collection of PHX S-layer (surface structure) proteins that may provide environmental protection (e.g., against desiccation or thermal effects). There are four PHX S-layer proteins, an essential part of the cell envelope surface structures (see Table 1 , ''Cell envelope'' column). In general, these structures envelop the cell exterior and presumably implement a protective function preventing damage from large hazards in the environment, e.g., from protein proteases excreted by other species or from predators. Surprisingly (compared with E. coli), many ABC transporter genes (e.g., of peptides, branched chain amino acids, phosphates, and various sugars) are PHX. In this context, DEIRA excretes a protease and grows best on rich media (especially digests of complex proteins). The peptide transporters putatively give the cell access to the amino acids generated by this protease.
Intriguingly, the top PHX gene in DEIRA is the multifunctional tricarboxylic acid (TCA) cycle gene aconitate hydratase (aconitase), E(g) value ϭ 2.56. Aconitase functions also in sensing oxygen radicals (14, 15) . Aconitase apparently also alerts the cell to large amounts of oxidative damage. In the TCA cycle, aconitase interconverts citrate and isocitrate carrying cisaconitate as an intermediate. Aconitase has an active iron sulfur (4Fe-4S) core at the catalytic site and also regulates gene expression of the iron transport transferrin receptor and iron storage ferretin. This protein is similar to the cytosolic iron regulatory protein (IRP) of eukaryotes. At its iron-sulfur cluster, aconitase can be inactivated by oxidative stress or iron deprivation. In several other species, apo-aconitase (aconitase without the Fe-S cluster) has the ability to bind mRNA, and available evidence indicates that this protein can function as a transcriptional activator (15) . On this basis, it has been suggested that aconitase serves as a sensor, detecting changes in the redox state or the levels of iron within the cell. Aconitase is PHX in other genomes: E. coli (E ϭ 1.40), B. subtilis (1.08), M. tuberculosis (1.18), and A. aeolicus (1.24). FtsH, an integral inner membrane protein, is a cell division metallo protease that facilitates degradation and protein folding (16) . Alkyl hydroperoxide reductase serves to protect the cell from DNA damage caused by alkyl hydroperoxide.
Penicillin-binding proteins are enzymes that establish peptide cross links in the peptidoglycan layer of the cell. Because the peptidoglycan is necessary throughout growth, we could expect penicillin-binding proteins to be constitutively expressed and concomitantly PHX. In E. coli, isocitrate lyase converts isocitrate into succinate and glyoxylate, allowing carbon that entered the TCA cycle to bypass the formation of 2-oxoglutarate and succinyl-CoA. The succinate can reenter the TCA cycle as succinate glyoxylate, with the assistance of malate synthase A. Also, acetyl-CoA reenters the TCA cycle as malate. Isocitrate lyase (aceA) competes with isocitrate dehydrogenase for isocitrate, and the allosteric regulation of both proteins is well documented. When extant, these proteins play an important role in carbon metabolism of E. coli. Among the current complete genomes, isocitrate lyase is PHX only in DEIRA, M. tuberculosis, and P. aeruginosa; is present, but not PHX, in E. coli and V. cholerae; and is missing from the other complete genomes (8) .
The TCA cycle isocitrate dehydrogenase (icd) gene is PHX in E. coli (E(g) ϭ 1.65) The TCA cycle not only produces ATP energy but significantly feeds into making precursors, macromolecules, and numerous carbon intermediates. Predicted expression levels of the DEIRA TCA cycle genes are similar to E. coli other than the exceptions mentioned earlier.
Cyclophilin proteins are remarkably conserved through evolution. Moreover they have been found in almost all organisms, which attests to their fundamental importance (17) (18) (19) . Because of their enzymatic properties, multiplicity, cellular localization, and role in protein folding, they behave as molecular chaperones. All of the proteins of the cyclophilin family possess enzymatic peptidyl-prolyl cis-trans isomerase activity (PPI-ase), which ac- celerates protein folding in vivo. Recently PPI-ase activity was suggested as playing a role in regulation of transcription and differentiation. However, not all cyclophilin functions are explained by PPI-ase activity. For instance, one of the cyclophilins plays a regulatory role in the heat shock response. Also, the mitochondrial cyclophilin (Cyclophilin D), an integral part of the mitochondrial permeability transition complex, is regarded as having a crucial role in mechanisms of cell death. In support of a role in the stress response, cyclophilins have recently been shown to be up-regulated under various stressful conditions (18, 19) . Two cyclophilin PPIases are PHX in DEIRA. We propose that the cyclophilin proteins and other chaperones contribute importantly to the DEIRA genome capacities for resistance to ionizing and radiation damage. The ''giant'' ribosomal protein S1 of DEIRA is critical to all protein synthesis within the cell. This is the second largest ribosomal protein (628 aa) among all current complete prokaryotic genomes. (The S1 protein of Treponema pallidium has a length of 820 aa.) Protein abundances of the two genes, katE and tuf, assessed by mass spectroscopy, record very high levels (M. Lipton, Pacific Northwest National Laboratory, Richmond, WA; personal communication). These genes carry the consistent strong PHX values 1.92 and 2.23, respectively.
Genes not PHX in DEIRA include many of transcriptional regulation, of amino acid and nucleotide biosynthesis, the latter partly because DEIRA engages in scavenger activity.
PA Genes of DEIRA
Among the PA genes of DEIRA, a cluster of enzymes contributing to lipopolysaccharide biosynthesis stands out. These are surface antigens that help to protect the bacterium. Lipopolysaccharide biosynthesis genes are frequently PA in other bacterial genomes (20) . Lipopolysaccharide biosynthesis proteins are also replete with repeat structures that may help confound host immune reactions.
There are six Par proteins (which play a role in cell partitioning) in the PA list (see ftp:͞͞gnomic.stanford.edu͞pub) and three type IV pilin genes (DR0548, DR1232, and DR1233). 
Clusters of PHX and PA Genes
Major PHX gene clusters include an operon of ribosomal proteins, with the EF-G (fus-1) and EF-Tu (tuf-1) genes interspersed extending about 12 kb on Chromosome I from about position 307 kb to position 320 kb. A second PHX cluster consists of the v-type ATP synthase genes, subunits I, K, E, A, B, and D in the region 710-719 kb. A third PHX cluster involves several TCA and electron transport genes covering 959-967 kb. The subsequent cluster contains four contiguous peptide ABC transporters 1585-1592 kb; then two additional ribosomal protein operons 2058-2063 kb (L7͞L12, L10, L1, and L11, followed by genes NusG and EF-Tu (tuf-2)) and another RP operon 2119-2133 kb (S8, L6, L18, S5, L15, S13, S11, S4, and L17, the latter cluster including rpoA, the DNA-directed RNA polymerase alpha subunit). There is a PHX cluster of three ORFs DR2179 [E(g) ϭ 1.44], DR2180 [E(g) ϭ 1.54], and DR2181 [E(g) ϭ 1.08] proximal to position 2178 kb. A PA cluster on Chromosome II features seven genes of lipopolysaccharide biosynthesis.
Concluding Comments
DEIRA features a strikingly high representation of PHX chaperone, detoxification, protease genes, and several proteins of cell envelope surface structures. We propose that many of these contribute significantly in radiation resistance and cellular remediation. For example, DEIRA chaperone͞degradation and protease proteins play an enhance role in degradation and export of damaged DNA and proteins. Also DEIRA chaperones facilitate resistance to radiation by altering the operating conditions of many enzymes. The multiple PHX detoxification genes of Catalase and SOD help remove active radicals that may be generated by radiation. Many cell division proteins are PHX, which could speed up cell growth. Also, manganese possibly entering via transporters can induce rapid cell division in Deinococcus culture (21) .
The number of PHX proteins of unknown function (105) is strikingly high. Many of these might be novel proteins contributing vitally in radiation resistance.
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